Quantitative analysis of mineral phases in sinter ore by micro-texture observation is difficult, due to inhomogeneous distribution of multi phases. Although powder X-ray diffraction is one solution, other options include identification of calcium ferrite phases with complex and similar crystal structure. In this study, the Rietveld method was applied for the quantification of sinter ore, which is based on the least-square fitting of the entire XRD pattern using crystal structure models and refinements of the crystal structure parameters. As a result, identification of several calcium-ferrite phases in sinter ore and quantification of mineral phases including calcium-ferrites in sinter ore were successfully conducted. These values are influenced by the history of the sintering reaction.
Introduction
Deterioration in the quality of sinter ore due to the influence of degradation in the quality of the iron ore resource is an issue in the iron-making process. Since the characteristics of sinter ore (strength, reducibility, reduction of degradation etc.) are influenced by sinter microstructures such as mineral phase, particle size, pore etc., accurate estimation of the influence of raw iron ore variation on sinter quality is required. In the case of a sinter ore which has inhomogeneous microstructure, it is difficult to obtain representative data by microscopic observation.
This study investigated the quantification of the crystalline phase in sinter ore by powder X-ray diffraction through the development of quantitative analysis techniques for the mineral phase. The major mineral phases that are composed of sinter ore microstructure are: hematite (α-Fe 2 O 3 ), magnetite (Fe 3 O 4 ), calcium ferrite and silicate slag. These phases are complexly distributed together with pores, and are responsible for the development of sinter ore characteristics. In particular, understanding the calcium-ferrite phase that is formed from calcium ferrite melt and bonds the nucleus particles of iron ore is important to clarify the quality and the formation reaction kinetics of sinter ore. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The calcium-ferrites in sinter ore are multi-component continuous solid solutions containing gangue compositions such as silica and alumina. The silico-ferrite of calcium and aluminum (SFCA) {Ca 2 (Ca, Fe, Al) 6 (Fe, Al, Si) 6 O 20 } and its homolog as SFCA-I {Ca 3 (Ca, Fe) (Fe, Al) 16 O 28 } and SFCA-II {Ca 4 (Fe, Al) 20 O 36 } have chemical compositions and crystalline structures that are different from those of SFCA. 4, 5) The crystalline structures of these phases are complicated, resemble each other, and their compositions in sinter ore (type and volume of dissolved element) are wide-ranging, thus rendering them different from the materials registered in the crystalline structure database. Accordingly, it is difficult to identify and determine the quantity of these calcium ferrites in sinter ore by the conventional powder X-ray diffraction method. Therefore, little quantitative analysis of mineral phases that contained multicomponent calcium ferrites in actual sinter ore has been conducted.
Therefore, in this study, the Rietveld method, 11, 12) an analysis technique that uses powder XRD patterns to determine the crystal structure and quantify the co-existing crystalline phases, is performed to evaluate the sinter microstructure. The Rietveld method calculates the crystal structure parameters of mineral phases based on initial crystalline structure models including lattice constants, atomic coordinates and their mass fractions. Then the entire simulated XRD patterns is compared with the calculated one, and these parameters are determined by the least square method so that the residual of them is minimum. This method is characterized by its ability to accurately determine the quantity of the mass fraction of the respective mineral phase in a material with multi phases, the diffraction peaks of which overlap each other. Furthermore, this method can determine the crystalline structure of materials that are continu-ous solid solutions having a complicated crystalline structure and a wide solid solution range such as multi-component calcium ferrites by refining the crystalline structure factors such as the lattice constant and atomic coordinates of a mineral phase. In addition, the results of the Rietveld method exhibit high repeatability and low arbitrariness as far as using the same initial model and the fitting procedure.
In this study, the effectiveness of Rietveld analysis for the quantitative evaluation of mineral phases in sinter ore was verified by analysis of the sinter ore samples with different mechanical strengths. Then, the mass fraction or crystal structure parameters of mineral phases in sinter ore was conducted to compare the chemical composition or the mechanical strength with them.
Experiment

Preparation of sample
The sinter ore sample was prepared by charging materials to a cylindrical sintering pot of 300 mm in diameter and 600 mm in height carefully to avoid grain size segregation, and then by burning ( Fig. 1 (a) ). The quasiparticles of the starting material were prepared in the following manner. Lime stone was blended so that CaO is contained by 8.2 mass%, silica stone and olivine were added so that the basicity of CaO/SiO 2 becomes 1.6 (weight ratio), and coke of 4.5 mass% and water of 7.0 mass% were added outside the above figures. These materials were granulated in a five-minute drum-mixer operation. The weight and density of the quasiparticle were 60 kg and 1.62 t/m 3 , respectively. The top surface layer of the sample in the sinter pot was heated for 90 seconds by burners and the exhaust gas was suctioned by a blower at a constant negative pressure of 8 kPa. The heating patterns of the sinter ore at the top layer (Sample A), middle layer (Sample B) and the bottom layer (Sample C) measured by thermocouples are shown in Fig. 1 (b) .
After burning, the sinter cake was removed from the sintering pot and was divided into three layers evenly in the height direction, and a shatter index test (JIS M 8711) was performed using each layer sample ( Table 1) . Samples with particle sizes of 5 mm or above were taken from each layer and were pulverized to particles of an average 10 μm in size by a vibration mill. The powder sinter ore samples were subjected to powder XRD measurement and chemical composition analysis Additionally, the standard specimens of calcium ferrite singlephase used for verification of analytical accuracy of the Rietveld method were synthesized by the conventional powder sintering method.
X-ray diffraction (XRD) measurement
The sinter ore powder was filled into a sample holder made of glass plate (sample section: 20 mm width × 18 mm height × 0.2 mm depth), and the XRD measurement was conducted by an XRD meas urement device (Ultima-III manufactured by Rigaku Corporation). The X-ray source was a Cu Kα radiation. The tube current and the tube voltage were set at 40 mA and 40 kV, respectively. The one-dimensional detector (D/teX Ultra, Rigaku) was used with a Kβ filter and the measurement was conducted by a concentrated optical system.
The measurement was conducted using a stepped scanning method under the condition of a measuring angle range of 2θ = 10-140°, step width of (Δ2θ) = 0.020° and scanning speed = 1°/min. The divergence slit (DS) was 2/3° and the vertical divergence limitation slit was10 mm. Under this condition, the width of the radiation range becomes larger than the width of the sample in the range of low angle of 2θ = 10-19° (20 mm). However, it was prioritized and determined to obtain a sufficient radiation range area in a high angle range because of the high mineral phase distribution inhomogeneity in the sinter ore sample. All X-rays out of the sample were considered as radiated to the sample and diffracted, and a correction of 1.66 × 10 −1 /sin θ times was rendered to the diffracted ray intensity in the range. 2.3 Rietveld analysis 2.3.1 Outline of Rietveld analysis 11, 12) The Rietveld analysis, which is the least square refreshment technique of powder XRD, optimizes scale factor (S), crystal structure factor (F K ), preferred orientations (P K ), and other parameters of each mineral phase by calculating the diffraction intensities in the i-th step ( f i (x)) of each phase, as given by Eq. (1) 11, 12) ; this analysis is performed until the best fit is obtained between the observed powder diffraction pattern and the sum of the calculated patterns of each phase. 11, 12) 
Where x: structural parameters (lattice constant, atomic coordinate, atom displacement parameter etc.) used when diffraction angle 2θ and crystalline structure factor are calculated s: scale factor S R (θ i ): correction factor for sample surface roughness A (θ i ): absorption factor D (θ i ): constant radiation correction factor K: numerical value indicating the type of reflection contributing to Bragg reflection intensity 
The mass fraction R h of the h th phase is given by Formula (2). For background correction, B-spline method, and for peak profile function, divided pseudo-Voigt function were used, respectively. In addition, preferred orientation was corrected by the March-Dollase function.
Parameters to be refined in this analysis are the background function, lattice constant, profile function and crystalline structure factor of the respective mineral phase. The secondary profile parameters V and W of the profile function, which are the values that depend on the optical system, were not optimized in this refinement. Similarly, the isotropic temperature factor T of the crystalline structure factors was also not refined. Furthermore, as the number of atoms that constitute SFCA and SFCA-I is large, and the influence of oxygen on the crystalline structure is considered small as compared with positive ions, the coordinate of oxygen atoms was fixed. The fixation of the oxygen atomic coordinate was confirmed as exerting no influence on the phase fraction and other parameters in a separate manner.
The acceptability of the analysis result was judged by the weighted reliability factor R wp and an indicator S (goodness-of-fit indicator). These indicators were given by the following formulae of (3) and (4).
Where w i : statistical weight y i : observed intensity N: the number of observation points P: number of parameters adjusted. For Rietveld analysis, Rigaku-manufactured powder X-ray analysis software PDXL ver.2.1 was used. 2.3.2 Selection of crystalline structural model to be applied to sinter ore To execute profile-fitting in Rietveld analysis, the major mineral phases and their initial models of crystalline structure factors contained in the sample are to be determined. The mineral phases and the crystalline structure database number (ICDD) of the crystalline structure factors determined for the initial model are shown in Table  2 .
α-Fe 2 O 3 13)
, Fe 3 O 4 14) , SFCA phase 3) and SFCA-I phase 4) of multi- (ICDD: 00-052-1258)
Mori et al. 15) (ICDD: 01-076-3608) 17) of pseudo two composition systems that may be formed under a condition wherein gangue scarcely dissolves into the melt of calcium ferrites. In addition, α-SiO 2 that originated from gangue in iron ore, and/or from silica stone added for basicity adjustment was added.
Rietveld analysis was conducted by refining stepwise the crystalline structure factors and profile function of the respective mineral phase. In the first place, in the order from α-Fe 2 O 3 to α-SiO 2 as shown in Table 2 , the lattice constant and profile function were refined simultaneously. After that, the crystalline structure factors of the major mineral phases were refined in the order from α-Fe 2 O 3 to Ca 2 SiO 4 sequentially. Refining for the minor mineral phase was limited to the lattice constant and profile function.
Result and Discussions
Evaluation of quantitative analysis accuracy of Rietveld method
Using the single phase sample of di-calcium ferrite (2CaO-Fe 2 O 3 ) and mono-calcium ferrite (CaO-Fe 2 O 3 ) composed by the powder sintering method, quantitative analysis accuracy of Rietveld analysis was evaluated. Phase fraction was sought by using XRD measurement and Rietveld analysis regarding the mixture of samples wherein the ratio of the single phase samples was varied, and the result was compared with the nominal weight fraction of the mixture. In Rietveld analysis, only lattice constant and profile parameters were refined. In Fig. 2 , the relationship between the prepared composition ratios and the phase fractions determined by Rietveld analysis is shown. There was a mean relative deviation of about 7% between the phase fraction of di-calcium ferrite determined by Rietveld analysis and the actual nominal weight fraction. In the samples with the prepared mix ratios of less than 10%, the quantification accuracy decreased and the relative deviation increased to 10%-25%, which is allowable for comparative quantification analysis.
Result of quantification of phase fraction of constituent
phase of sinter ore sample XRD patterns of Sample A, B and C and the identification results of diffraction peaks of major mineral phases are shown in Fig.  3 . The differences among the peak intensities of calcium ferrites of each sample are small, and the quantification and the refinement of the crystalline structure of the respective mineral phase only by comparing the peak intensity are difficult. Rietveld analysis was applied to these diffraction patterns and the obtained results are shown in Fig. 4 and Table 3 . Figure 4 shows the measured XRD pattern and the calculated XRD pattern refined by Rietveld analysis (shown in the upper section) and the residual difference between the two (shown in the section below). Table 3 shows the mass fractions of the mineral phases obtained by Rietveld analysis and the reliability factor (R wp , S) of the respective sample. Rietveld analysis provided us with mass fractions of not only the main constituents, such as α-Fe 2 O 3 , Fe 3 O 4 , SFCA, SFCA-I, Ca 2 SiO 4 , but also the less than 5 mass% minor mineral phases such as FeO x , CFF and α-SiO 2 . In the samples, the iron oxides, α-Fe 2 O 3 and Fe 3 O 4 occupied slightly over 50 mass% of the entire mass, and the multi-component calcium ferrites (SFCA + SFCA-I) occupied 35 mass% of the in the sinter ore samples, and less than 10 mass% slag (Ca 2 SiO 4 + α-SiO 2 ) was present. In the subject samples, Ca 2 Fe 2 O 5 was scarcely formed. In any samples, R wp is below 2.0% and the S value is about 1.1. Statistically, the fitting is judged as good. Table 4 shows the chemical analysis values of Sample A, B and C, and the compositions obtained by multiplying the mass fractions of mineral phases determined by Rietveld analysis with the compositions of the initial structural model (denoted as "initial" in Table 4 ). In the utmost bottom column of Table 4 , the average values of relative error between the compositions by Rietveld analysis results and the chemical analysis values are shown for the three samples.
12)
As compared with the relative error of total Fe (T.Fe) of the major compositions, the relative error of quantified values of Ca, Si and Al, which are contained both in the major mineral phases and minor mineral phases, was large. This is considered to be attributed to the difference between the initial model compositions of SFCA and SF-CA-I phases and the compositions of multiple calcium ferrite phases formed during the actual sintering operation. Furthermore, the influence of amorphous slag is considered for the error of Si composition.
For the mineral phase's mass fractions of Sample A, B and C, trends of decrease in α-Fe 2 O 3 and increase in Fe 3 O 4 in the direction from the top layer to the bottom layer were observed. It is inferred that the sintering reaction in the lower layer proceeded at higher temperature and longer time than those in the upper layers. Moreover, the measured O 2 gas concentration values in the exhaust gas are 15% in the upper layer and 12% in the lower layer. Another factor that supports this trend is that the oxygen partial pressure is lower in the lower layer and Fe 3 O 4 is prone to be produced more easily.
Regarding the total amount of calcium ferrites that are considered to correspond to the amount of the melt at a high temperature, there were no significant differences among samples when the quantification errors are taken into consideration. It is considered that the +5mm diameter grain sinter ore used for the analysis sample in this research has the minimum strength, and the low strength section wherein less of the calcium ferrite melt is produced was removed. It is considered that, if the entire sinter ore before the strength test is used for analysis, the lower layer is sintered at a higher temperature and the amount of the melt increases therein, and the increase in the absolute amount of calcium ferrites could be obtained as a result.
The above result shows that the mass fractions of mineral phases determined by Rietveld analysis explain the sintering reaction process. The sinter ore properties such as mechanical strength etc. are contributed by other factors such as pores, the particle size and the shape of a mineral phase in addition to the mineral phase fraction. To define the influence of these factors quantitatively, the quantification of a mineral phase by Rietveld analysis is considered to be an important step. 3.3 Crystal structure of calcium ferrite optimized by Rietveld methoed Next, the difference in crystalline structure parameters of calcium ferrites among samples was discussed. A calcium ferrite is a continuous solid solution consisting of multi-component systems that dissolve gangue compositions, 1) and the crystal structure varies depending on the composition. [2] [3] [4] [5] [6] First, to define the amount of the solid solution of gangue on an experimental basis, the electron micrographs of the high gangue-containing calcium-ferrite microstructure (a), and of the low gangue-containing calcium ferrite microstructure (b) of Sample B shown in Fig. 5 were analyzed for the amounts of Fe, Ca, Si and Al by EDS (energy disperse X-ray spectrometry). The mean compositions at the measurement points of EDS in Fig. 5 were calculated, and based on the elemental compositions, the microstructure in Fig. 5 (a) was assumed as the SFCA phase and the microstructure in Fig. 5 (b) with a higher Fe concentration was assumed as the SFCA-I phase. The compositional formula of the SFCA phase corrected with the mean compositions based on EDS analysis is Ca for the SFCA-I phase. The Al content of each phase was lower than that of the crystal structure models used in the present research.
Next, to apply the compositions obtained by EDS analysis to the crystalline structural models of SFCA and SFCA-I, the occupancy rate of the cation sites in the respective crystalline structural model was modified, the result of which is shown in Table 5 . We assume that the atoms at the octahedral-coordinated cation sites in the SFCA and SFCA-I phases are substituted by Fe and Ca and the tetrahedral-coordinated cation sites in the SFCA and that SFCA-I phases are substituted by Fe, Al, and Si. In the case of the SFCA phase, the occupancies of cation sites were corrected to fit to the chemical composition by making the following assumptions (the changed site occupancies are shown in bold in Table 5 ). Ca preferentially substitutes sites with longer oxygen bond distances in SFCA. Therefore, the occupancy of Ca/Fe 12 site was changed to fit the Ca composition. Next, Si in SFCA preferentially substitutes the tetrahedral site with the shortest oxygen bond distance. Therefore, the occupancy of Si/Al 15 site was changed to fit the Si composition. Al prefers to distribute to the Si/Al 15 sites and the Al/Fe 6 sites with the next shortest oxygen bond distance, so the site occupancies of these sites were changed to fit the Al composition. In the case of the SFCA-I phase, it was assumed that Si statically distributed at the Al substituted the tetrahedral-coordinated cation sites because Si was not contained in the initial models.
The respective mineral phase fraction determined by Rietveld analysis is shown in Table 6 , and the crystalline structure factors of SFCA and SFCA-I are shown in Table 7 , and the parameters such as atomic coordinates of the SFCA phase of each sample are shown in Table 8 , respectively. When the atomic coordinates of the initial structural model of SFCA (Table 5 (a)) and those of the structural model after refining by Rietveld analysis (Table 8 ) are compared, particularly in the Al/Fe 6 and Ca/Fe 12 sites wherein the occupancy rate was modified by the EDS analysis values, changes in atomic coordinates took place after refining. This is attributed to the influ- ence of the deformation (distortion) of polyhedrons caused by the occupation of elements with different effective ionic radii as a result of the difference in the occupation rates of occupying elements. The effective ionic radii of Fe 3+ and Al 3+ at the tetrahedral Al/ Fe 6 sites are 0.039 and 0.049 nm, respectively. The effective ionic radii of Fe 3+ and Ca 2+ at the octahedral Al/Fe 12 sites are 0.055 and 0.100 nm, respectively, and are significantly different from each other. Therefore, it is considered reasonable to have obtained such results because the coordination structure of the surrounding oxygen changed (polyhedra were distorted) and the atomic positions of cations in the SFCA phase were different between the initial model and the correction model by EDS. In Fig. 6 (b) , the crystalline structure of SFCA on the (11 _ 1) plane is shown. The sites arranged on the same plane as the Ca/Fe 12 site are Fe 2, Al/Fe 6, Fe 7, Fe 8, Fe 9, Fe 10, and Fe 11. It is highly probable that the change in the site occupancy of the Ca/Fe 12 affects the atomic coordinates of these adjacent sites. However, in this research, as the occupation site is assumed and the oxygen position is fixed in executing refinement, further study is required for the determination of the position of the cation. 
